Abstract Introduction: In 1992, we published a report on the effect of positive end-expiratory pressure (PEEP) on right ventricular (RV) function in humans. Results: We measured RV volumes and pressures and pericardial pressure (Ppc) as PEEP was increased from zero to 15 cm H20 in 12 patients after thoracotomy, using a pulmonary arterial catheter equipped with a rapid responding thermistor that allowed measurement of RV ejection fraction (RVef), while Ppc was measured via a pericardial balloon catheter. RV end-diastolic volume (EDV) was estimated as the ratio of stroke volume (SV) to RVef, whereas RV endsystolic volume (ESV) were estimated as RV EDV-SV. PEEP increased Ppc and Pra, but RVef unaltered. There was no relation between either RV filling pressure (Pra-Ppc) and EDV or the change in RV filling pressure and EDV, although EDV varied significantly with PEEP (p \ 0.05). The relations between EDV and both SV and RVef were weak (r = 0.54 and 0.55, respectively). RVef varied inversely with ESV (r = -0.77), although it showed no relation to transmural peak pulmonary artery pressure (r = 0.28). However, both absolute and relative changes in EDV corresponded closely with respective ESV values (r = 0.94). We concluded that EDV varies independently of changes in filling pressure and that changes in ESV occur independently of changes in ejection pressure. These data can be explained by assuming that the RV shape changes can dissociate changes in RV EDV from changes in RV wall stress (preload). Thus, changes in RV EDV may or may not alter SV but should proportionately change ESV to a degree dependent on election pressure and contractility. Conclusions: Subsequent studies confirmed our findings which can be summarized as 1) RV filling is independent of Pra; thus central venous pressure cannot be used to estimate RV preload; and 2) for cardiac output to increase by the Starling mechanism the RV must dilate increasing RV ESV. Since the pericardium limits absolute biventricular volume, there is a finite limit to which cardiac output can increase by the Starling mechanism defined not by left ventricular contractility but by RV function. And 3) if fluid loading causes Pra to increase without increasing cardiac output, then resuscitation should stop as the patient is going into acute cor pulmonale. These truths help bedside clinicians understand the echocardiographic and hemodynamic signatures of both RV failure and volume responsiveness. . In that study we asked the question: What is the effect of changing intrathoracic pressure and lung volume by increasing positive end-expiratory pressure (PEEP) on right ventricular (RV) function when one could simultaneously measure right atrial pressure, pericardial pressure (Ppc), and RV volume? The study was unique at the time because we were able to measure Ppc using a specially designed balloon catheter inserted during cardiac surgery and removed 12 h following surgery. Previous studies on the effect of PEEP on of RV function in critically ill patients did not measure the effect that PEEP has on intrathoracic pressure or Ppc [2, 3] . Since PEEP must increase intrathoracic pressure but to a variable degree depending on lung and chest wall mechanics, one would need to measure intrathoracic pressure to note how RV filling pressures were altered. Previous studies using pericardial catheters were done only during openchest intraoperative settings with volume loading and then only examining the relation between changing right atrial pressure and Ppc [4] . Importantly, Ppc was measured with an air-filled flat balloon catheter (Holt catheter) [5] . We developed a special thin-walled air-filling balloon catheter that could be inserted into the pericardium during cardiac surgery and remain there postoperatively, being removed at the time the chest tubes were also removed. Thus, we could now measure the impact that PEEP would have on RV function when RV filling pressure, estimated as right atrial pressure minus Ppc, called transmural right atrial pressure, was directly measured. RV end-systolic pressure was presumed to approximate pulmonary artery systolic pressure and was measured by a pulmonary artery catheter. RV volumes were estimated by the pulmonary artery catheter ejection fraction technique. This technique analyzes the thermodilution decay profile as the ratios of sequential reciprocals of the residual thermal signal sensed in the pulmonary artery for each heartbeat. Following a right atrial cold saline bolus using a rapid response thermistor pulmonary artery catheter, the thermal signal decreases in a step fashion presuming full thermal mixing in the right ventricle prior to each ejection. Thus, the ratio of the initial thermal signal minus the residual thermal signal of the first beat to the same ratio of the second beat will equal the same ratio of the second to
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Summary of original study
In 1992 Jean-Louis Vincent, Jean Marie DeSmet, and I published a study in the American Review of Respiratory Disease (blue journal) entitled ''Effect of positive endexpiratory pressure on right ventricular function in humans'' [1] . In that study we asked the question: What is the effect of changing intrathoracic pressure and lung volume by increasing positive end-expiratory pressure (PEEP) on right ventricular (RV) function when one could simultaneously measure right atrial pressure, pericardial pressure (Ppc), and RV volume? The study was unique at the time because we were able to measure Ppc using a specially designed balloon catheter inserted during cardiac surgery and removed 12 h following surgery. Previous studies on the effect of PEEP on of RV function in critically ill patients did not measure the effect that PEEP has on intrathoracic pressure or Ppc [2, 3] . Since PEEP must increase intrathoracic pressure but to a variable degree depending on lung and chest wall mechanics, one would need to measure intrathoracic pressure to note how RV filling pressures were altered. Previous studies using pericardial catheters were done only during openchest intraoperative settings with volume loading and then only examining the relation between changing right atrial pressure and Ppc [4] . Importantly, Ppc was measured with an air-filled flat balloon catheter (Holt catheter) [5] . We developed a special thin-walled air-filling balloon catheter that could be inserted into the pericardium during cardiac surgery and remain there postoperatively, being removed at the time the chest tubes were also removed. Thus, we could now measure the impact that PEEP would have on RV function when RV filling pressure, estimated as right atrial pressure minus Ppc, called transmural right atrial pressure, was directly measured. RV end-systolic pressure was presumed to approximate pulmonary artery systolic pressure and was measured by a pulmonary artery catheter. RV volumes were estimated by the pulmonary artery catheter ejection fraction technique. This technique analyzes the thermodilution decay profile as the ratios of sequential reciprocals of the residual thermal signal sensed in the pulmonary artery for each heartbeat. Following a right atrial cold saline bolus using a rapid response thermistor pulmonary artery catheter, the thermal signal decreases in a step fashion presuming full thermal mixing in the right ventricle prior to each ejection. Thus, the ratio of the initial thermal signal minus the residual thermal signal of the first beat to the same ratio of the second beat will equal the same ratio of the second to the third beats, third to the fourth, etc., and all will equal the residual thermal volume remaining in the right ventricle. One minus the residual thermal signal is the RV ejection fraction (RVef). Cardiac output is estimated by the Stewart-Hamilton equation independent of the RVef calculation and when divided by heart rate equals stroke volume (SV). Since RV end-diastolic volume (EDV) equals the ratio of SV to RVef, RV EDV is easily calculated. Similarly RV end-systolic volume (ESV) equals the difference between RV EDV and SV. Thus, with a single thermal ejection using a rapid response thermistor pulmonary artery catheter one can measure not only cardiac output but RV EDV, ESV, and RVef. Although echocardiographic analysis of RV function was available then, it cannot measure intracardiac pressures, thus is unable to assess parameters like RV diastolic compliance and end-systolic elastance [6] .
What we found was that as PEEP was progressively increased from 0 to 5 to 10 to 15 cmH 2 O, RV volumes decreased while cardiac output decreased slightly and both RVef and transmural pulmonary artery pressure (pulmonary artery pressure minus pericardial pressure) remained relatively unchanged and left atrial pressure increased. However, one of the first things we wished to define was RV diastolic compliance, which we reasoned to be reflected by the relation between RV EDV and RV filling pressure measured as transmural right atrial pressure. Surprisingly, there was no relation between RV EDV and transmural right atrial pressure ( Fig. 1) or RV SV and transmural right atrial pressure. However, we noted that as RV ESV increased RVef decreased slightly but consistently for all subjects, such that the relation between RV EDV and ESV was highly linear with a slope equal to one minus RVef (Fig. 2) . These data supported the hypothesis that the normal human right ventricle fills below its unstressed volume, an observation already made at that time by Tyberg et al. [4] . On the basis of these data we concluded that over the normal physiological range, changes in RV EDV occur below the right ventricle's stressed volume level, such that these volume changes occurred without any change in wall stretch. Presumably, conformational changes in RV shape rather than myocardial fiber stretch allow these RV EDV changes to occur without measurable changes in RV distending pressure. If this were so, we reasoned that RV preload, which is RV wall stretch, would remain constant as RV EDV varied. In support of this hypothesis, we saw that there was a reverse linear relationship between RV EDV and RVef (Fig. 3) . If, as with the left ventricle, increased RV filling increased RV wall stretch, then one would expect RV ejection fraction to either remain constant or increase by the Frank-Starling mechanism. However, since we saw the opposite, this supported the claim that under normal conditions the RV is functioning below its unstressed volume and thus RV preload is independent of RV EDV. Importantly, these findings agreed with those of previous studies by other groups who also found an inverse relation between RV EDV and RVef, but were at a loss to explain the mechanism behind these findings [7, 8] . And these findings confirmed both our earlier observation in patients being treated in an emergency department for acute circulatory shock, namely that the RV EDV to ESV ratio was highly linear with a slope less than one [9] and those of other earlier investigators, all of whom were at a loss to explain this close coupling [7, 10] . We subsequently published a larger series of studies with Jean-Francois Dhainaut in 18 septic patients wherein we varied RV EDV over a wider range using variable inflation of military anti-shock trousers, finding that the RV EDV to ESV relation was remarkably linear and unique to each patient [11] . The corollary to these findings was that if RV volume did alter RV preload, did increase RV distending pressure, then the RV was either hypertrophied with diastolic dysfunction or overdistended as in acute cor pulmonale. In all these studies the subjects were sedated and on controlled mechanical ventilation, but there is no reason to believe the findings would be different in spontaneously breathing subjects.
Implications of this original study
Initially, we were surprised to see the extremely linear RV EDV to ESV relationship and felt it must be a product of some sort of mathematical coupling. However, the calculations of RV SV and RVef were made from different aspects of the thermal decay curve, so they were not mathematically coupled. Upon further study, two findings dissuaded us from dismissing this relationship as spurious. First, using radionuclide-based estimates of left ventricular (LV) ejection fraction, there were no or minimal LV EDV to ESV correlations [12] . Indeed, if LV EDV and ESV were correlated, the subjected tended to be sicker [13] . Finally, in a previous clinical trial measuring RV ejection fraction during the expected myocardial depression and recovery following cardiopulmonary bypass, the authors had reported RV EDV and stroke volume data that allowed us to calculate RV ESV. When recalculated, it too showed that 6-8 h following bypass the RV EDV to ESV ratio was equal to or greater than one during this post-bypass myocardial depression phase, decreasing to about 0.8 approximately 12 h later [14] . We subsequently performed a three-phase study assessing the dynamic RV EDV to ESV immediately after cardiac surgery when contractility was normal, 8 h later when contractility was depressed, and then again at 24 h when it had recovered again [15] . That study clearly showed that the RV EDV/ESV ratio is usually about 0.7-0.8 increasing to 1.1-1.0 during post-bypass myocardial stunning and returning to pre-stunning values at 24 h. Since the RV EDV to ESV ratio is one minus RVef, if the slope is one, then RVef is zero and the RV is not volume responsive. Thus, increasing RV EDV by fluid loading will not increase RV SV. In these settings, fluid loading in acute RV failure states will not only increase RV EDV without increasing cardiac output, but may decrease cardiac output if RV dilation limits LV filling [16] .
The implications of these data are twofold. First, measures of central venous pressure as a surrogate for right atrial pressure could never be used to predict volume responsiveness [17] because they do not equate to RV preload. However, changes in central venous pressure remain an excellent measure of when fluid resuscitation has exceeded the normal RV unstressed volume operating range. In this setting with fluid resuscitation if one sees central venous pressure increase whereas RV SV either does not change or decreases, RV failure exits and further fluid challenges are contraindicated. Indeed, Jardin et al. [10] indirectly found the same results when they measured RV volumes in patients with acute lung injury and found that if they restored RV volume to their baseline values with fluid resuscitation, cardiac output increased, whereas if further fluid resuscitation was done, cardiac output did not increase but central venous pressure rose abruptly and paradoxical leftward shift of the intraventricular septum during diastole developed. They also saw that the immediate effect of PEEP was to increase RV afterload causing the right ventricle to dilate, first with an immediate increase in RV ESV as RV SV decreased with a subsequent decrease in venous return as the dilating right ventricle caused central venous pressure to rise. These observations collectively allow the bedside clinician to use increases in central venous pressure in response to a volume challenge as a stopping rule for further fluid administration. The second implication of these findings is that for cardiac output to increase by the Starling mechanism, RV ESV must also increase. Thus, owing to pericardial restraint limiting absolute biventricular volume, there is a finite amount of volume responsiveness that can be achieved by fluid resuscitation, limited more by pericardial volume limitations than circulating blood volume. Another way of thinking about this linkage between RV EDV and ESV is that the right ventricle is primarily a conduit for flow rather than a pump. Indeed, since the ESV/EDV slope is normally 0.7, at most only 30 % of the increase in cardiac output can be explained by RV Starling mechanism.
Subsequent studies
So what happened in the practice of acute care medicine after this study was published? Subsequent clinical studies using a variety of means to measure RV volumes demonstrated similar tight RV EDV to ESV ratios, and that these ratios were inversely proportional RV performance reserve [18] . However, at about the same time as this paper's publication, the general focus of critical care medicine assessments of RV function shifted from the pulmonary artery catheter and its RV ejection fraction data to echocardiography and functional measures of RV ejection such as its fractional area of contraction. Inherently, this altered the discussion away from acute cor pulmonale to RV diastolic volume overload as quantified by the ratio of RV to LV diameters and paradoxical septal shift [19] . The good news was that we had just entered the era of lower tidal volume ventilation. When retrospective analysis of echocardiographic analyses over years was made, the trend toward lower tidal volume ventilation was also associated with a markedly decreased RV diastolic dysfunction. Thus, using lower tidal volume ventilation not only limited ventilator-associated lung injury but also caused less of an increase in pulmonary vascular impedance and an associated lower incidence of acute cor pulmonale [20] . Furthermore, recent studies using continuously available echocardiography to assess both LV and RV function routinely document that aggressive fluid resuscitation induces acute cor pulmonale with tricuspid regurgitation and lack of further volume responsiveness [21] . These data underscore further the limits to which RV function and cardiac output can be pushed using volume resuscitation. The reader is recommended two recent reviews [22, 23] that summarize the role of central venous pressure and mechanical ventilation and PEEP on cardiovascular function.
Secondary implications of our original study relate to RV hypertrophy. Inherently, there is nothing beneficial occurring when the right ventricle hypertrophies in response to an increased afterload. RV coronary blood flow is already compromised in pulmonary arterial pressure overload states and increasing hypertrophy is not associated with new coronary vessel growth, so ischemia and the shift from aerobic to anaerobic metabolism occurs as is commonly seen with myocardial stunning [24] . This, coupled with the marked decrease in RV diastolic compliance, profoundly limits overall cardiovascular reserve [25] . Hence the importance of seeing central venous pressure decrease and RV stroke volume increase with anti-pulmonary hypertension therapies [26] . The decreasing central venous pressure may initially reflect a decreasing RV afterload, but over time it reflects reverse remodeling with restoration of normal RV diastolic compliance.
Unmasking right ventricular physiology
The determinants of RV function are uniquely different from those determining LV function even though both ventricles have anatomically and functionally similar cardiac myocytes and the same beat frequency.
First, RV filling occurs without any measurable change in RV distending pressure [1, 4] . Thus, preload is independent of RV EDV unless the RV is hypertrophied. At which point, central venous pressure increases in proportion to the increase in RV EDV [26] . Since venous return is the primary determinant of steady state cardiac output and since central venous pressure is the backpressure to venous return [27] acute RV overload must be associated with both increases in central venous pressure and cardiovascular compromise (acute cor pulmonale). Thus giving more intravenous volume challenges to patients with acute cor pulmonale (acute right heart failure) will only decrease cardiac output further.
Second, that RV filling occurs below its unstressed volume has fundamental survival advantages for the host. Since spontaneous inspiration usually decreases intrathoracic pressure, central venous pressure will also decrease increasing the pressure gradient for venous return [27] . Thus, both RV filling and subsequently RV stroke volume will increase pulmonary blood flow at the same time alveolar gas is being refreshed by the tidal breath [28] . For this to provide maximal venous return, central venous pressure must not increase as RV EDV increases. Accordingly, the natural high RV diastolic compliance allows the increased venous return to be maximal. Furthermore, for this process to be effective, pulmonary vascular resistance must remain low. Under normal circumstances, with normal pulmonary vasculature and tidal volumes, pulmonary artery pressure does not increase more than a few millimeters of mercury as flow increases greatly [28] . Thus, the cardiopulmonary system is ideally adapted to maximize blood flow and gas exchange during spontaneous breathing and to increase them rapidly with exercise.
Third, positive-pressure breathing by dissociating tidal air inflow from pulmonary blood flow [26] will result in poorer ventilation/perfusion matching and worse gas exchange than spontaneous ventilation. Furthermore, if the tidal breaths are too large, they will also impede venous return causing acute cor pulmonale and a decrease in cardiac output [19] .
Summary
We now have an increasing appreciation that RV function is the primary determinant of cardiac output in our critically ill patients. Minimizing lung overdistention and protective ventilatory strategies not only help the lungs but the circulation as well, whereas over-resuscitation rapidly progresses to RV volume overload and reduced cardiac reserve. Thus, the optimal volume state may well be defined by the best RV EDV to SV ratio and any further increase in cardiac output may only be effectively created by increased inotropy without otherwise impairing biventricular ejection effectiveness [26, 29] . The right ventricle has been the ''forgotten ventricle'' in clinical practice for many years. But with increased ability to accurately and serially assess RV function at the bedside using echocardiographic techniques [28, 30] , increased awareness of its central role in cardiovascular homeostasis is emerging. The genie is out of the bottle and it will not easily return into it.
On the basis of these findings one can make the following conclusions and perhaps oversimplifications (Table 1) . First, that elevation in central venous pressure must reflect RV dysfunction either due to gross overdistention or RV hypertrophy. That the right ventricle may otherwise be normal is immaterial; pulmonary outflow obstruction whether due to hyperinflation, pulmonary embolism, or pulmonary hypertension is causing cardiovascular reserve to be compromised. Second, during fluid resuscitation, if central venous pressure raises without a Table 1 Right ventriculo-centric cardiovascular rules
Central venous pressure is only elevated in disease
Normally central venous pressure is zero or slightly higher than intrathoracic pressure 2. If central venous pressure rises and remains elevated following a fluid challenge: STOP Make sure the patient is not slipping into acute cor pulmonale before proceeding 3. For cardiac output to increase the RV must dilate
There is a physical limit to which fluid resuscitation alone can increase cardiac output 4. Right ventricular hypertrophy is essentially a deal with the devil: it is a losing proposition Increased filling must be associated with increased filling pressure limiting venous return and impairing LV diastolic compliance concomitant increase in RV stroke volume, then the patient is slipping into acute cor pulmonale and further fluid resuscitation as isolated therapy is contraindicated. Finally, under normal conditions, since there is a tight linear relation between RV EDV and ESV and since RV preload is constant, for cardiac output to increase in response to acute volume loading RV ESV must also increase. Thus, the degree to which increasing LV preload can increase cardiac output is primarily limited by RV filling. Such findings make the interpretation of echocardiographic assessment of RV function easier. RV dilation and paradoxical septal shift are merely manifestations of these processes. Furthermore, when increasing RV EDV requires central venous pressure to also rise, the right ventricle is either overdistended or has decreased diastolic compliance, as occurs with RV hypertrophy. In essence, when the right ventricle behaves like the left ventricle, in having a definable diastolic compliance, the right ventricle is in trouble.
